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Abstract: 
 
 Bacteria are found in almost all environments on earth, including on the surface of 
other living things. Bacteria that exist on the leaves of plants (the phyllosphere) are of 
interest because of the potentially harsh nature of the environment they inhabit, and of 
applied interest. Although there has been a substantial amount of research in phyllosphere 
microbiology, few studies have examined the effect of spatial variation on phyllosphere 
community composition. This project investigated the effect of spatial variation on the 
bacterial communities living on the surface of Magnolia grandiflora leaves. Following 
DNA extraction, next generation sequencing of 16S rRNA gene fragments was used to 
determine the structure of the bacterial phyllosphere community on individual leaves, 
focusing comparisons on different leaves from the same tree and on leaves from trees at 
different distances apart. NMDS ordination was used to depict the degree of similarity 
between leaf samples. The dominant phyla and subphyla found on the leaf surfaces 
generally included those of a typical phyllosphere community and with few exceptions, 
leaves from the same tree tended to have similar bacterial communities. Spatial variation 
was shown to have some influence on the phyllosphere community, but there was no 
obvious relationship between distance between trees and community similarity, 
suggesting that other spatial factors (environmental variation, specific location) are also 
important.  
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Introduction: 
 Microorganisms are an often underestimated component of the biosphere, 
necessary for its survival. Although the workings of the biosphere depend on the 
activities of microbes, they are largely ignored or unknown to the public, aside from the 
context of decay and disease (Pace 1997). For much of the study of microbiology, the 
only bacteria known to scientists were those that could be studied via a pure-culture 
approach, seriously constraining the view of microbial diversity (Pace 1997). This 
changed following two major events, which together allowed for the possibility to 
understand and classify the unseen microbial world. First, in the late 1960’s ribosomal 
RNA (rRNA) sequences (particularly the small sub-unit 16S rRNA) began to be used to 
establish taxonomic relationships, ultimately resulting in the generation of a molecular-
based phylogenetic tree by Carl Woese, that reconstructed the relationships between 
organisms and classified them into three domains: Eukarya, Bacteria, and Archaea 
(Hugenholtz 2002). Second, in the 1980s, a group led by Norman Pace published papers 
establishing that microorganisms could be identified without cultivation, by retrieving 
genetic material from the environment and using techniques such as polymerase chain 
reaction (PCR) and molecular cloning to examine regions of the 16S rRNA gene obtained 
from nature (Hugenholtz 2002). Development of the two approaches vastly increased our 
ability to describe microbial diversity and led to the realization that uncultivated 
microorganisms make up the majority of microbial diversity.  
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Over the last few decades, many studies have now compared microbial 
communities in different environments, with studies in marine and terrestrial systems, as 
well as on human-associated microbiota, showing that different habitat types harbor 
different organisms (Lindstrom and Langenheder 2012). An area of more recent interest 
has been the communities of bacteria associated with plants, especially those in the 
phyllosphere. The phyllosphere is represented by the above-ground portion of plants, and 
supports a complex and vast microbial community. This includes bacteria living on 
various plant structures including stems, buds, flowers, and fruits, but especially leaves. 
Interactions within the phyllosphere can have a number of outcomes including the 
evolutionary fitness of the host plant, the safety for human consumption of produce, and 
the productivity of agricultural crops (Whipps et al. 2008). These interactions make 
studying the microbiota within this habitat a significant area of research. Compared to 
some other microbial habitats, the phyllosphere has surprisingly received little attention, 
especially considering the abundance of plants and their important roles in the world, and 
that the number of microorganisms found on the surface of a leaf can be huge, averaging 
106 to 107 cells/cm2 (Brandl and Lindow 2003). While bacteria on leaves are abundant,  
exposure to rapidly fluctuating temperature, precipitation events, and a general scarcity of 
limited resources, means that the surface of a leaf is considered a hostile environment for 
colonizing bacteria (Brandl and Lindow 2003). Various environmental factors can 
influence the composition of the microbial community on the leaf surfaces, and there is 
evidence suggesting that plant genotype also plays a role in determining microbial 
communities in the phyllosphere (Whipps et al. 2008).  
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 A number of studies have examined the diversity of bacterial communities on the 
surfaces of different leaves, but relatively few have examined their spatial variability, or 
differences in phyllosphere community structure between individuals of the same plant 
species. Differences in the composition of bacterial communities are dependent on many 
factors, including the type of ecosystem, the particular plant species, and geographic 
location. At a broad scale, comparisons have been made between the bacterial 
communities on the leaves of tropical forest species and those on temperate forest tree 
species (Mincheol et al. 2012). By comparing the bacterial communities on leaves of 
trees within entirely different ecosystems, it was discovered that the diversity levels, as 
well as the taxonomic composition, were similar, indicating that ecosystem type does not 
always play a large role in determining the bacterial phyllosphere structure (Mincheol et 
al. 2012). Comparing different tree species within the same forest, bacterial communities 
found on the surfaces of trees are generally species-specific, so that different bacterial 
species may prefer different plant species (Lindstrom and Langenheder 2012). Bacterial 
community structure on different trees within the same forest can be affected by spatial 
factors as well, often caused by “hitch-hiking” on animals, atmospheric transport, and 
bacterial deposition (Lindstrom and Langenheder 2012). 
The source of bacteria to the phyllosphere is thought to be predominantly the 
atmosphere, as although airborne, soil, and leaf surface environments harbor significantly 
distinct bacterial communities, airborne communities are more similar to those on the leaf 
surface (Bowers et al. 2011). That same study found that the number of bacteria within 
the phyllosphere, as well as overall diversity, were similar regardless of whether samples 
were taken from forests, suburban, or agricultural locations, suggesting a stable spatial 
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distribution (Bowers et al. 2011). At a finer spatial scale, study on the microbiota on 
field-grown romaine lettuce leaves investigated the effect of geographic location of 
different fields on the composition of the bacterial community, and found that 16 out of 
the 44 fields had lettuce samples that were more similar when taken from the same field 
than those taken from different fields (Rastogi et al. 2012). Both temporal (seasonal) and 
fine-scale (different leaves from the same tree) patterns in bacterial community structure 
were investigated on leaves of the Southern Magnolia (Magnolia grandiflora), and leaf to 
leaf variation was minimal compared to temporal patterns, suggesting that the 
phyllosphere is ultimately regulated by broad environmental factors, and that leaves 
sampled from the same tree at the same time should have similar bacterial communities 
(Jackson and Denney 2011).  
 This experiment expanded on that prior study, and focused on examining spatial 
patterns in the bacterial communities dwelling on the surface of Southern Magnolia 
leaves. The Southern Magnolia is a broadleaved evergreen tree native to the Southeastern 
United States, and was chosen because its evergreen nature allows its phyllosphere to be 
studied year round, so that sampling in winter may potentially avoid the contaminating 
effects of coexisting tree species (Jackson and Denney 2011). The aim of the study was to 
not only describe the composition of the magnolia phyllosphere community, but to 
examine the spatial variation of these communities within a single tree and, more 
importantly, between leaves from trees that were different distances apart. The 
fundamental question is whether trees that are closer to each other have more similar 
bacterial communities in their phyllosphere than trees that are farther apart.   
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Methods 
Sample Collection 
 Magnolia leaf samples were collected from Bailey Woods in Oxford, MS on 
February 13, 2014. Bailey Woods is a nature trail approximately 1 km in length 
connecting the University of Mississippi Museum to William Faulkner’s historic 
residence, Rowan Oak. Twenty wild magnolia trees spread throughout the woods were 
selected based on similar size and apparent health. Trees were mapped out and labeled 
using GPS coordinates, and two leaves from each tree were collected and immediately 
placed in a sterile plastic bag. Leaves were taken from approximately 1.5 m above the 
ground, and designated using a labeling system of numbers and letters representing the 
tree of origin (1-100) and the leaf number (A, B). For example, the second leaf from the 
fortieth tree was designated 40B. Leaves were taken to the laboratory and frozen (-20 °C) 
until later use.  
 
DNA Extraction 
 In order to extract the DNA from the bacteria on each leaf, the bacteria were first 
removed from the leaves by scrubbing with a sterile toothbrush. 3 mL of sterile pH 8.0 
Tris-EDTA (TE) buffer was added to each bag containing a leaf, and the leaf was 
scrubbed with a sterile toothbrush for 2 minutes. Following the scrubbing, the toothbrush 
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was rinsed within the bag with an additional 1 mL TE buffer. The result of the scrubbing 
was a brown, turbid liquid collected at the bottom of the bag which was pipetted into a 
sterile 15 mL centrifuge tube. The sample was centrifuged at 7,000xg for 2 minutes. 
Approximately 2-3 mL of the supernatant was removed in order to reduce the volume. 
The remaining sample was resuspended, transferred to a sterile microtube, and 
centrifuged for 1 minute at 10,000xg. The supernatant was removed and the remaining 
cell pellet was frozen (-20 °C) until further use.  
 The DNA from the frozen pellet was extracted using a MO BIO Laboratories 
PowerSoil DNA Isolation Kit, following the detailed instructions provided by the 
manufacturer (MO BIO Laboratories Inc., Carlsbad, CA). The presence of DNA 
recovered from each sample was confirmed using agarose gel electrophoresis.  
 
DNA Sequencing and Analysis 
 The V4 region of the bacterial 16S rRNA gene was amplified and sequenced 
using a barcoded Illumina next generation sequencing approach (Kozich et al. 2013). 
Actual sequencing was carried out on an Illumina MiSeq system at the Molecular and 
Genomics Core Facility at the University of Mississippi Medical Center. Resulting DNA 
sequences were aligned and classified using mothur software (Schloss et al. 2009), 
following recommended procedures (Schloss et al. 2011, Kozich et al. 2013). Mothur 
uses a system of commands to sort and filter DNA sequences (the general command 
order is shown in Table 1). Once the final filters were applied to the samples, the Silva 
V4 reference database was used to align the sequences based on known sequences of the 
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V4  region of the 16S rRNA gene. Aligned sequences were then classified using the 
Greengenes taxonomic system, and non-bacterial sequence removed from the dataset. 
Sequences were classified into operational taxonomic units (OTUs; a surrogate for 
species) based on >97% sequence identity. Bacterial communities from different trees 
and leaves were compared in terms of the presence and relative abundance of different 
OTUs to determine if spatial location affects the similarity of bacterial communities. 
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Table 1: General order of commands in the Mothur software package that was used to 
analyze bacterial 16S rRNA gene data obtained in this project. 
Command Purpose Command Purpose 
make.contigs Lists number of 
sequences per 
sample 
classify.seqs Uses Greengenes to 
classify remaining 
sequences 
summary.seqs Table showing basic 
information about 
number of seqs in 
file, number of 
bases, etc.  
remove.lineage Removes 
contaminants 
(Eukarya, archaea, 
chloroplast, 
mitochondria, 
unknown) 
screen.seqs Removes ambiguous 
sequences 
cluster.split Groups sequences 
into operational 
taxonomic units  
unique.seqs Lists unique 
sequences 
make.shared Determines how 
many times each otu 
can be detected in 
each sample 
count.seqs Tells how many 
times each unique 
sequence type is in 
each group 
classify.otu Matches sequences 
identified as otu’s 
with how they were 
classified 
align.seqs Aligns sequences summary.single Lists diversity data 
for each group 
filter.seqs Removes any 
erroneous or unusual 
sequences. Leaves 
all sequences the 
same length 
heatmap.bin Gives visual way of 
comparing 
community 
composition by color 
pre.cluster Combining 
sequences that do 
not differ by more 
than 2 bases 
dist.shared Create matrix for 
how sequences are 
similar 
chimera.uchime Removes sequences 
made up of at least 2 
different sequences 
that combined 
during PCR 
tree.shared Makes tree on how 
alike samples are 
remove.seqs Eliminating 
chimeras from 
dataset 
nmds Give coordinates to 
plot and see relation 
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Results 
DNA extraction was successful and each leaf sample yielded positive results 
when visualized by agarose gel electrophoresis. DNA sequencing also went well, with an 
initial total of 3,026,136 sequences in the entire collection, although these sequences 
were of varying lengths. After screening the sequences to ensure that each was at least 
250 bases long, the total number of remaining valid sequences was 2,171,933. The initial 
number of unique sequences (i.e. sequences that were different) in the sample was 
248,537. However, following alignment, chimera removal, clustering, and final quality 
control, the final number of unique sequences was 36,165, out of a final total of 
1,744,954 valid bacterial reads. These reads were not evenly distributed between samples 
(Fig. 1) and ranged from 1,355 recovered from leaf sample tree001a to 176,034 from 
sample tree049a. 
Following clustering of the 16S rRNA gene sequences based on a 97% similarity 
criterion, the total number of OTUs detected was 10,005. The number of OTUs detected 
on each leaf varied substantially, even when corrected by subsampling each leaf to the 
same number of 1,355 sequences (the lowest number of sequence recovered from any 
individual sample). The fewest OTUs detected were 108, 113, and 155 on samples 006b, 
049a, and 090b, respectively, while the greatest number of OTUs was found on leaves 
018a, 031a, 010b which had 639, 356, and 339 OTUs, respectively (Fig. 2). 
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A) 
 
B) 
 
Figure 1: Number of bacterial 16S rRNA gene sequences recovered from magnolia leaf 
samples TREE001a-038b (A) and samples TREE043a-099b (B). Across the entire 
dataset, a total of 1,744,954 sequences were recovered. Samples are named by tree 
number followed by letters (A, B) indicating which of two leaves from each tree was 
analyzed. 
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A) 
 
B) 
 
Figure 2: The number of operational taxonomic units (OTUs) detected in magnolia leaf 
samples TREE001a-038b (A) and TREE043a-099b (B). The overall total number of 
OTU’s from the data was 10,005. Samples are named by Tree number followed by letters 
(A, B) indicating which of two leaves from each tree was analyzed. 
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The Inverse Simpson’s index, a quantitative measure of alpha diversity that takes 
into account how many OTUs there are when distributed evenly among individuals, was 
calculated for each sample (Table 2). Leaf sample tree018a had the highest Inverse 
Simpson’s index with 251.3; followed by tree022b (138.3) and tree065b (116.1). The 
lowest values were obtained from leaf samples tree025a (14.5), tree043b (15.1), and 
tree055a (16.2). Inverse Simpson indices varied between leaves from the same tree. 
Tree006a (103.7) and Tree006b (3.8) had large differences in diversity although 
belonging to the same tree. On the other hand, the two samples from Tree 27, samples 
Tree027a (18.6) and Tree027b (18.5), have very similar Inverse Simpson indices.   
Samples were visually compared to one another using nonmetric multi-
dimensional scaling (NMDS; Figure 3). NMDS is a means of observing the degree of 
similarity in bacterial community structure between individual samples, and in this case 
was used to compare the two leaf samples from each tree, as well as to compare samples 
from different trees. The results varied among trees. For example, the bacterial 
communities on leaf samples tree006a and tree006b appeared to be quite different, while 
those on samples tree0084a and tree0084b appeared to be similar. Samples that had 
distinct bacterial communities compared to the other leaf samples, at least as inferred by 
locations on NMDS originations included 006b, 022b, 018a, 065b, and 022a (Fig. 3). 
The most abundant OTU’s in terms of number of sequences that were classified 
as them, were Otu00002 (80,258 sequences), Otu00010 (58,616 sequences), and 
Otu00013 (50,986 sequences) (Table 3). Eleven of the twenty most abundant OTUs 
classified as Alphaproteobacteria; eight of those identifying within the order Rhizobiales 
including the three most abundant (OTUs 00002, 00010, and 00013). The next most 
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abundant phyla in terms of dominant OTUs were Bacteroidetes, Actinobacteria, and 
Acidobacteria, each counting for two of the twenty OTU’s listed. Of those identifying as 
Bacteroidetes, both OTUs classified as the class Cytophaga, order Cytophagales, family 
Cytophagaceae, and differed at the genus taxa level. Both dominant OTUs classifying as 
phylum Actinobacteria also classified as class Actinobacteria, and order 
Actinomycetales. The dominant OTU’s classified as Acidobacteria belonged class 
Acidobacteria, order Acidobacteriales, and family Acidobacteriaceae. Other phyla 
represented by dominant OTUs were Betaproteobacteria, Cyanobacteria, and 
Deltaproteobacteria (Table 3).  
 The most abundant subphylum, indicated from the proportion of the total 
sequences recovered, was the Alphaproteobacteria (Figure 4). Other significant abundant 
phyla were classified as Bacteroidetes. Actinobacteria, Cyanobacteria, Acidobacteria, 
Planctomycetes, Betaproteobacteria, Verrucomicrobia, Deltaproteobacteria, 
Gammaproteobacteria, Armatimonadetes, and Chloroflexi (Figure 4). Other bacterial 
phyla each accounted for less than 1% of the total number of sequences recovered and 
included Firmicutes, Chlorobi, Nitrospirae, Gemmatimonadetes and Crenarchaeota. The 
proportion of each phylum in the dataset varied from sample to sample; for example, 
while Alphaproteobacteria was the most abundant subphylum or phylum detected (40% 
of all sequences recovered) the percentage of sequences classified as this subphylum 
varied from leaf to leaf, ranging from just under 9% for sample tree018a to almost 75% 
for tree006b. Making up over 11% of the total number of sequences, Bacteroidetes was 
the second most abundant phyla, but ranged from 2% of the sequences recovered from 
Tree043b to almost 30% from Tree049b. Other phyla showed the same degree of 
14 
 
variation: the proportion of sequences classified as Actinobacteria was highest on 
Tree049a, accounting for 16% of its overall sequences, and lowest on Tree006b (2% of 
that samples sequences), while the proportion of Cyanobacteria was highest on Tree080a 
where it accounted for 32% of the total and lowest on Tree031b at 2.34%. Overall, both 
of these phyla accounted for nearly 10% of the total amount of sequences recovered. 
Other dominant phyla included Acidobacteria (ranged from 2-18%, or 8% overall) and 
Planctomycetes (ranged from 1-12%, or 6% overall).  
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Table 2: Inverse Simpson’s index diversity scores for bacterial communities sampled 
from magnolia leaves. Sample name indicates tree number followed by a letter (a or b) 
indicating which of two leaves is being analyzed. Higher scores indicate a more diverse 
community. 
 
Sample Inverse Simpson Sample Inverse Simpson 
Tree001a 32.9 Tree043a 61.8 
Tree001b 42.4 Tree043b 15.1 
Tree006a 103.7 Tree049a 16.7 
Tree006b 3.8 Tree049b 79.9 
Tree010a 70.8 Tree055a 16.2 
Tree010b 75.4 Tree055b 38.3 
Tree018a 251.3 Tree065a 38.6 
Tree018b 27.4 Tree065b 116.1 
Tree020a 89.8 Tree075a 34.5 
Tree020b 44.1 Tree075b 79.8 
Tree022a 52.9 Tree080a 17.3 
Tree022b 138.3 Tree080b 33.5 
Tree025a 14.5 Tree084a 26.3 
Tree025b 30.8 Tree084b 37.8 
Tree027a 18.6 Tree087a 53.2 
Tree027b 18.5 Tree087b 33.1 
Tree031a 112.1 Tree090a 47.1 
Tree031b 96.9 Tree090b 22.1 
Tree038a 59.9 Tree099a 45.3 
Tree038b 52.8 Tree099b 35.7 
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Figure 3: Non-metric multidimensional scaling (NMDS) ordination depicting the 
similarities of bacterial communities obtained from magnolia leaves. Coordinates that are 
closer together are more similar than coordinates that are farther apart. Sample names 
reflect tree number followed by a letter (a, b) designating which of two leaves from the 
same tree is being represented. 
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Table 3: Classification of the twenty most abundant OTU’s present on magnolia leaf 
samples (out of a total of 10,005). Size indicates the number of sequences that identified 
as that OTU out of a total of 1,744,954. Taxonomy indicates the classification of that 
OTU to major phyla (p), followed by class (c), order (o), family (f), genus, and species.  
OTU  Size Taxonomy 
Otu00001 42,340 p__Proteobacteria; 
c__Alphaproteobacteria; 
o__Sphingomonadales; 
f__Sphingomonadaceae; 
Sphingomonas unclassified 
Otu00002 80,258 p__Proteobacteria; 
c__Alphaproteobacteria; 
o__Rhizobiales; 
f__unclassified;  
unclassified unclassified 
Otu00003 23,150 p__Proteobacteria; 
c__Betaproteobacteria; 
o__Burkholderiales; 
f__Comamonadaceae; 
Methylibium unclassified 
Otu00004 20,010 p__Bacteroidetes; 
c__Cytophagia; 
o__Cytophagales; 
f__Cytophagaceae; 
Hymenobacter unclassified 
Otu00005 48,953 p__Actinobacteria; 
c__Actinobacteria; 
o__Actinomycetales; 
f__Microbacteriaceae; 
unclassified unclassified 
Otu00007 24,779 p__Actinobacteria; 
c__Actinobacteria; 
o__Actinomycetales; 
f__Pseudonocardiaceae; 
Actinomycetospora 
unclassified 
Otu00008 48,560 p__Acidobacteria; 
c__Acidobacteriia; 
o__Acidobacteriales; 
18 
 
f__Acidobacteriaceae; 
Terriglobus unclassified 
Otu00009 28,341 p__Proteobacteria; 
c__Alphaproteobacteria; 
o__Rhizobiales; 
f__unclassified;  
unclassified unclassified 
Otu00010 58,616 p__Proteobacteria; 
c__Alphaproteobacteria; 
o__Rhizobiales; 
f__Methylobacteriaceae; 
Methylobacterium 
unclassified 
Otu00011 18,081 p__Acidobacteria; 
c__Acidobacteriia; 
o__Acidobacteriales; 
f__Acidobacteriaceae; 
unclassified unclassified 
Otu00013 50,986 p__Proteobacteria; 
c__Alphaproteobacteria; 
o__Rhizobiales; 
f__unclassified;  
unclassified unclassified 
Otu00015 46,238 p__Cyanobacteria; 
c__unclassified; 
o__unclassified; 
f__unclassified;  
unclassified unclassified 
Otu00020 15,964 p__Proteobacteria; 
c__Alphaproteobacteria; 
o__Rhizobiales; 
f__Methylobacteriaceae; 
Methylobacterium 
unclassified 
Otu00022 40,070 p__Proteobacteria; 
c__Alphaproteobacteria; 
o__Rhizobiales; 
f__unclassified;  
unclassified unclassified 
Otu00024 25,511 p__Proteobacteria; 
c__Alphaproteobacteria; 
o__Rhodospirillales; 
f__Acetobacteraceae; 
unclassified unclassified 
Otu00031 27,255 p__Proteobacteria; 
c__Alphaproteobacteria; 
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o__Rhodospirillales; 
f__Acetobacteraceae; 
unclassified unclassified 
Otu00034 23,438 p__Proteobacteria; 
c__Alphaproteobacteria; 
o__Rhizobiales; 
f__unclassified;  
unclassified unclassified 
Otu00037 18,750 p__Proteobacteria; 
c__Deltaproteobacteria; 
o__Myxococcales; 
f__Cystobacteraceae; 
Cystobacter fuscus 
Otu00049 36,741 p__Proteobacteria; 
c__Alphaproteobacteria; 
o__Rhizobiales; 
f__unclassified;  
unclassified unclassified 
Otu00108 25,431 p__Bacteroidetes; 
c__Cytophagia; 
o__Cytophagales; 
f__Cytophagaceae;  
Spirosoma unclassified 
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Figure 4: Proportion of 16S rRNA sequences recovered from magnolia leaves (40) that 
classified as major bacteria phyla or subphyla. Only phyla/subphyla that accounted for 
>1% of the total are shown, with the category “Other” accounting for eight other phyla 
(that made up < 1% of the total sequences recovered.   
Alphaproteobacteria Bacteroidetes Actinobacteria
Cyanobacteria Acidobacteria Planctomycetes
Betaproteobacteria Verrucomicrobia Deltaproteobacteria
unclassified Gammaproteobacteria Armatimonadetes
Chloroflexi Other
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Discussion: 
Few studies have examined spatial variation in phyllosphere communities, 
although there has been a substantial amount of research in phyllosphere microbiology. 
Each distinct phyllosphere, ranging from that on agricultural leaves to trees from tropical 
and temperate forests, has been found to have a diverse community of bacteria, and these 
communities may change over time. A previous study on the M. grandiflora phyllosphere 
found that samples taken in February had the highest species diversity values compared 
to samples taken in May, August, and December, and that although seasonal and year-to-
year changes do occur, leaves sampled from the same tree at the same time should 
possess similar bacterial communities (Jackson and Denney 2011). With regards to 
spatial variation, the study to most directly address this question found that the leaves of 
romaine lettuce that were in closer in proximity to each other exhibited more similar 
bacterial communities (Rastogi et al. 2012). The goal of this project was to investigate the 
bacterial communities on the Southern Magnolia with the purpose of gaining insight into 
the spatial patterns of the phyllosphere, determining how distance between trees affects 
differences in bacterial community composition.  
As well as determining the similarity in the bacterial phyllosphere community of 
different trees, the degree of similarity between leaves from the same tree was also 
examined. Comparing the community on the two leaves sampled from the same tree, 14 
of the 20 trees sampled had similar bacteria on the surface of each leaf. The composition 
of phyllosphere communities is likely maintained by broad environmental
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conditions, thus leaves from the same tree would be expected to be more similar, a 
finding that was noted when comparing this leaf to leaf variation to temporal changes 
(Jackson and Denney 2011). Both leaves were collected from the same general location 
within the tree, are thus more likely to be exposed to similar environmental conditions 
such as (precipitation, access to sunlight, contamination from other species) compared to 
leaves from different trees.  Sampling a greater number of leaves from an individual tree, 
perhaps from different locations (different heights, internal vs. external branches) would 
provide additional information on the level of phyllosphere variation within a single tree. 
While most trees showed similar communities on their two leaves, as evidenced by the 
closeness in coordinates on the NMDS ordination, there were some exceptions. Trees 
tree006, tree022, and tree018 appeared to have very different bacterial communities on 
leaves A and B, and their two samples were found to be farther apart than the other trees. 
While the two leaves per tree were collected from the same location on the tree, the 
potential age of the leaf was not considered when sampling, neither was its health 
(whether it was beginning to show signs of decay), nor leaf size (leaf surface area). 
Leaves with a larger surface area might harbor a more diverse community of bacteria, 
and older leaves in the early stages of senescence might be shifting to a more decomposer 
dominated phyllosphere community than that on an actively growing leaf. Future studies 
of this nature should more carefully characterize individual leaf characteristics, as well of 
those of the tree sampled, to more accurately assess patterns in the phyllosphere 
community.  
While comparisons of leaf to leaf variability within a tree are interesting, the main 
focus of this study was to examine the variation in the bacterial community between 
23 
 
trees. Comparing the degree of community similarity between trees that were farther 
apart from one another to trees that were closer together, the results were highly variable. 
Some trees that were close together showed quite similar communities according to the 
NMDS ordination (e.g. tree025 and tree 027, or tree090 and tree099). However, other 
trees that were relatively close together did not show an obvious pattern of phyllosphere 
community similarity between trees. Other factors than spatial distance may have been 
important, such as landscape topography (slope, elevation) or the distance from the 
walking trails, and trees closer to the trails may be more likely to have leaf communities 
that could have been impacted by humans or animals. Sampling also occurred on one 
day, over a period of 3-4 hours. Thus, some trees were sampled a few hours apart from 
others, and environmental factors such as temperature and solar radiation, both of which 
fluctuate throughout the day, can also affect phyllosphere organisms (Jackson and 
Denney 2011, Lindow and Brandl 2003). That said, trees were sampled in the order 
found, so trees that were closer together spatially were also more likely to be sampled 
closer together in terms of time, which if anything, might be expected to reinforce any 
spatial patterns. 
Previous studies that have assessed a geographic location’s effect on bacterial 
composition show contradicting evidence. Geographic location was thought to be the 
ultimate determinant in bacterial community composition for specialized desert trees 
when several different plant species harbored similar bacterial groups within the general 
area (Rastogi et al. 2013). Furthermore, tree samples within forests in California showed 
patterns in phyllosphere community structure that were strongly correlated with distances 
between sampling sites (Rastogi et al. 2013). Decreasing distances between lettuce fields 
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also increased similarities in bacterial community composition on the lettuce plants 
(Rastogi et al. 2012). In contrast, plant species, as oppose to location, appeared to drive 
the community composition of the pine tree phyllosphere, as all samples yielded the same 
bacterial community, regardless of sampling site location Rastogi et al 2013). 
Correlations between plant species and bacterial community composition strongly infers 
that plant genetic factors play a large role in determining which type of bacteria are found 
on the plant surface. Ultimately, plant genetics determines leaf texture and the type of 
metabolites being released to the surface, which in turn might attract certain bacterial 
populations (Rastogi et al 2013). Multiple chemical and physical factors limit the growth 
of the phyllosphere, implying that there must be selection for bacterial phenotypes that 
can overcome these limitations, such as phenotypes that can modify the microhabitat in 
order to increase nutrient availability (Lindow and Brandl 2003). Therefore, spatial 
variation may have more subtle effects on phyllosphere community composition; 
however environmental or genetic factors can possibly override these effects, making it 
difficult to know the extent to which spatial patterns actually influence the phyllosphere. 
Distance between individual trees might relate to genetic differences between individuals 
(many of the smaller trees sampled in this study were closer to larger trees that might be a 
parent), but determining tree genetic composition was beyond the scope of this study. 
 Throughout the dataset, Alphaproteobacteria were clearly the most dominant 
bacterial subphylum or phylum. Alphaproteobacteria are well known for adopting 
extracellular or intracellular lifestyles as plant mutualists and are commonly associated 
with plants (Delmotte et al. 2009). The dataset also had high levels of Actinobacteria and 
Bacteroidetes which are also commonly associated with plants (Delmotte et al. 2009). 
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Specific taxa that were high in abundance based on the number of sequences recovered 
included Methylobacterium, Sphingomonas, and Pseudomonas, all of which are often 
found on the plant surface (Delmotte et al. 2009). Sphingomonas and Methylobacterium 
are both members of the Alphaproteobacteria while Pseudomonas is a type of 
Gammproteobacteria.  Phyllosphere bacteria such as these are specifically adapted to that 
environment, often showing pigmentation to protect from UV radiation and producing 
extracellular polysaccharides that allow for the formation of cell aggregates and protect 
from desiccation (Delmotte et al. 2009, Rastogi et al. 2013, Lindow and Brandl 2003). 
Furthermore, the relative proportion of UV-tolerant strains of bacteria increases during 
parts of the day when UV exposure was highest (Lindow and Brandl 2003).  Many of the 
most abundant OTU’s classified as members of the order Rhizobiales, a group of 
nitrogen-fixing Alphaproteobacteria found in soil. In order to survive, this group of 
bacteria must colonize a host plant, typically the rhizosphere, the narrow region of soil 
associated with the roots of plants (Prell and Poole 2006). However, Rhizobiales have 
previously been found in high abundance in both the phyllosphere and the rhizosphere, 
although the nitrogen-fixing genes are only expressed in the rhizosphere (Rastogi et al 
2013). Leaf surfaces can be colonized by bacteria from air, water, or soil (as well as 
animals) so that the presence of common soil bacteria, such as the Rhizobiales, within the 
phyllosphere is not unusual (Rastogi et al 2013). Overall, the most abundant bacteria that 
were found on the Magnolia leaf surface were not uncommon or unusual, and likely 
represent a typical phyllosphere community.  
 Many factors likely influence the composition of the bacterial community on the 
surface of M. grandiflora leaves, which, as with other phyllosphere systems, is primarily 
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comprised of members of the Alphaproteobacteria, Actinobacteria, and Bacterioidetes. 
These bacteria possess qualities that allow them to dwell in such a hostile, fluctuating 
environment such as the ability to resist UV radiation damage and to deal with stress 
from fluctuating water conditions. In terms of spatial variability, leaves from the same 
tree tended to have similar bacterial communities on them, although there was occasional 
variability, which be a result of leaf to leaf variation in age, health, and leaf surface area. 
Tree to tree variation was generally greater and while there were some spatial patterns 
between individual trees, other spatial factors such as proximity to trails or geographic 
location, might also be important. While there is evidence suggesting that spatial 
variation can play a role in determining the phyllosphere community, environmental and 
genetic factors may show a greater influence, making it difficult to determine the degree 
to which spatial variation alone can affect bacterial phyllosphere communities.  
  
27 
 
List of References 
Bowers, R. M., McLetchie, S., Knight, R., Fierer, N. 2011. Spatial variability in airborne  
bacterial communities across land-use types and their relationship to the bacterial 
communities of potential source environments. The ISME Journal 5: 601-612. 
Brandl, M. T. and Lindow, S. E. 2003. Microbiology of the Phyllosphere. Applied 
 And Environmental Microbiology 69: 1875-1883. 
Delmotte, N., Knief, C., Chaffron, S., Innerebner, G., Roschitzki, B., Schlapbach, C.,  
Vorholt, J., 2009.  Community proteogenomics reveals insights into physiology of  
 phyllosphere bacteria. PNAS 106: 16428-16433. 
Fierier, N., Bradford, M.A., Jackson, R.B. 2007. Toward an ecological classification  
 of soil bacteria. Ecology 6: 1354-1364. 
Hugenholtz, P. 2002. Exploring prokaryotic diversity in the genomic era. Genome 
 Biology 3: 1-8. 
Jackson, C.R., Denney, W.C. 2011. Annual and seasonal variation in the phyllosphere 
 bacterial community associated with leaves of the Southern Magnolia (Magnolia 
 grandiflora). Microbial Ecology 61: 113-122. 
Kim, M., Singh, D., Lai-Hoe, A., Go, R., Rahim, R.A., Ainuddin, A.N., Chun, J., Adams,  
J.M. 2012. Distinctive Phyllosphere Bacterial Communities in Tropical 
 Trees. Plant Microbe Interactions 63: 674-681. 
Kozich J.J., Westcott S.L., Baxter N.T., Highlander S.K., Schloss P.D. 2013.  
Development of a dual-index sequencing strategy and curation pipeline for 
analyzing amplicon sequence data on the MiSeq Illumina sequencing platform. 
Applied and Environmental Microbiology. 79:5112-5120. 
28 
 
Lindstrom, E. S., Langeheder, S. 2012. Local and regional factors influencing bacterial 
 community assembly. Environmental Microbiology Reports 4: 1-9.  
McBride, M. J., Liu, W., Lu, X., Zhu, Y., Zhang, W. 2014. The Family Cytophagaceae.  
The Prokaryotes: 577-593. 
Pace, N.R. 1997. A Molecular View of Microbial Diversity and the Biosphere. Science  
276: 734-740. 
Prell, J., Poole, P. 2006. Metabolic Changes of Rhizobia in Legume Nodules. TRENDS 
 In Microbiology 14: 161-168.  
Rappe, M.S., Giovannoni, S.J. 2003. The Uncultured Microbial Majority. The  
 Annual Review of Microbiology 57: 369-394.   
Rastogi, G., Sbodio, A., Tech, J.J., Suslow, T.V., Coaker, G.L., Leveau, J. 2012. Leaf  
microbiota in an agroecosystem: spatiotemporal variation in bacteria community 
composition on field-grown lettuce. The ISME Journal 6:1812-1822.  
Rastogi, G., Coaker, G.L., Leveau, J. New insights into the structure and function of  
Phyllosphere microbiota through high-throughput molecular approaches. FEMS 
Microbiol Lett 348: 1-10. 
Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hartmann, M., Hollister, E.B., 
Lesniewski, R.A., Oakley, B.B., Parks, D.H., Robinson, C.J. 2009. Introducing 
mothur: Open-source, platform-independent, community-supported software for 
describing and comparing microbial communities. Appl. Environ. Microbiol.75 : 
7537–7541. 
Schloss, P.D., Gevers, D., Westcott, S.L. 2011. Reducing the effects of PCR- 
29 
 
amplification and sequencing artifacts on 16S rRNA-based studies. PLoS ONE 
10: 1371. 
Whipps, J.M., Pink, H.D., Bending, G.D. 2008. Phyllosphere microbiology with special  
reference to diversity and plant genotype. Journal of Applied Microbiology 105: 
1744-1755. 
 
 
 
 
 
 
 
 
 
 
